Abstract In the present paper, we report an investigation on the effect of radiation environment on space charge in low density polyethylene (LDPE). LDPE thin films of -100 Mm were irradiated at a dose rate of approximately 1 kGy/h using a 60Co gamma
INTRODUCTION
lonising radiation can profoundly alter the molecular structure and thereby the macroscopic properties of polymeric materials through mechanisms like chain scission, cross-linking and oxidation. Radiation effects in polymers have been studied for many years to investigate various aspects of material behaviour [1] [2] [3] [4] and among those aspects has featured the electrical response to radiation. It has been suggested that radiation may give rise to the presence of trapped charge within the material, the trapping characteristics of which may be influenced by these radiation-induced structural alterations. Earlier work related particularly to the effects of radiation on the electrical behaviour of low-density polyethylene (LDPE) has shown that a radiation environment can influence the thermally stimulated discharge current (TSDC) spectra in the high temperature region, with more charge being found within the sample irradiated in air compared to those irradiated in nitrogen [5] ; the dc electrical conductivity of LDPE irradiated in air is significantly greater than of material irradiated in nitrogen [6] ; and the pre-breakdown transient current pulse activity in LDPE under direct stress has been demonstrated to be much greater in material irradiated in air compared to that irradiated in nitrogen [7] . It has generally been considered that space charge played a role in the above behaviour of irradiated materials.
In the present paper, we report an investigation on the effect of radiation environment on space charge in low density polyethylene (LDPE). LDPE thin films of -100 Mm were irradiated at a dose rate of approximately 1 kGy/h using a 60Co gamma source. The samples were irradiated in air, vacuum and nitrogen gas at room temperature to various doses from 5 to 100 kGy. Space charge measurements were carried out using the pulsed electroacoustic (PEA) technique.
EXPERIMENTAL METHOD Sample Preparation
To minimise the morphological differences and charge trapping that may arise from the presence of additives, 100 tm additive free LDPE film was used in the present study. LDPE samples were cut from the film, cleaned with alcohol and subsequently placed in a 60Co gamma source for irradiation to different doses between 5 kGy and 100 kGy at a dose rate of approximately 1 kGy/h. Different batches of samples were irradiated at room temperature in ambient air, oxygen-free nitrogen and vacuum. For irradiation in nitrogen and vacuum, the samples were placed inside glass tubes which were evacuated for several hours before being sealed (vacuum) or backfilled with nitrogen gas and sealed.
Measurements
Measurements of space charge were carried out using the pulsed electroacoustic technique (PEA) [8, 9] . Test specimens were stressed electrically under dc at 50 kV/mm for 60 minutes. Charge distributions were recorded at various times and charge decay after the removal of the applied stress was also monitored. All the measurements were made at room temperature.
RESULTS AND DISCUSSION

Control Sample
To observe the influence of irradiation on space charge formation in LDPE, reference space charge distributions were obtained with unirradiated control samples at 50 kV/mm. The charge distribution in the control sample 1-4244-0189-5/06/$20.00 ©2006 IEEE.
following stressing for 60 minutes at 50 kV/mm is displayed in Figure 1 . Sample thickness (gm) Figure 1 Charge dynamics in control sample at 50 kV/mm.
It can be seen that charge injection starts immediately when an electric field of 50 kV/mm is applied. Injection takes place at both electrodes. Initially, positive charge injection is stronger and the injected charges move quickly towards the cathode. This makes the electric field at the cathode increase significantly, leading to more injection from the cathode. Negative charges then spread towards the anode and they gradually dominate charge in the bulk. More negative charge is evident after the removal of the applied voltage at 60 minutes as shown in Charge dynamics after the removal of the applied voltage is shown in Figure 2 . Generally charge decays fairly fast and significant reduction in bulk charge is observed. Another feature is the charge distribution maintains a similar shape. Under the influence of its own field, charge could either leak out from electrodes or recombine. Figure 3 Charge decay in control stressed at 50 kV/mm for 60 minutes.
sample after being
Irradiation in Air Figure 4 shows the charge distribution at 50 kV/mm in a sample irradiated to 5 kGy.
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Sample thickness (gm) Figure 4 Charge dynamics in 5 kGy irradiated sample at 50 kV/mm.
Charge dynamics are slightly different from that in control sample. Charge injection takes places at both electrodes but there is no significant reduction in positive charge. Over long period negative charges still dominate. This can be seen when the applied electric field is removed as shown in Figure 5 .
Comparing Figure 5 to Figure 2 , there are two noticeable features. The amount of positive charge in irradiated sample is more and there is a clear separation between positive and negative charge. Again, the rate of reduction in the amount of charge is fast. Figure 6 shows charge dynamics in 100 kGy irradiated sample at 50 kV/mm. This is a quite different situation compared to what happens at low dose. Although the initial injection at both electrodes is still true, the ultimatum charge distribution is governed by positive 1-4244-0189-5/06/$20.00 C2006 IEEE. charge. The reason for this is that the density of ion pairs produced by gamma irradiation increases with increasing radiation dose [9] and therefore they are far more prevalent at 100 kGy than at 5 kGy. Sample thickness (gm) Figure 6 Charge dynamics in 100 kGy irradiated sample at 50 kV/mm.
Charge decay dynamics in 100 kGy irradiated sample are shown in Figure 7 . In addition to positive charge adjacent to the anode present in all cases, there is a considerable amount of positive charge adjacent to the cathode. In considering this situation it must be borne in mind that while the majority of electrons from ion-pair production are geminate, in that they remain within the sphere of the influence of their parent ions, some are non-geminate and are free to move around in the material by means of thermal excitation and/or the action of an electric stress. In these circumstances trapping and detrapping will play an important role in the population dynamics. In the particular case of the results of Figure 7 it would appear that electrons have been swept by the electric field towards the anode and left the more massive and less mobile positive ions at the cathode. There is a small amount negative charge present between the positive charge regions and they are fairly stable.
The less mobile charge should be reflected in charge decay with time as shown in Figure 8 . A slow decay in positive charge is observed. It is believed that electrons are injected from the electrodes to neutralize positive ions. lonisation of the material also gives rise to radicals and to the subsequent alteration of the structure of the material via chemical radical reactions and the mechanisms of cross-linking, chain scission, gas production and oxidation cited earlier. [10] .
Irradiation in Vacuum
Charge distribution of space charge in a sample exposed to 100 kGy in vacuum is shown in Figure 9 for a stress of 10 kV/mm. Due to length limit, here are only presented charge decay dynamics. Sample thickness (gm) Figure 9 Charge decay dynamics in 100 kGy irradiated sample in vacuum.
Charge distribution after the removal of the applied voltage is similar to that in control sample. However, the positive charge is slightly more than negative charge in irradiated sample. The charge decay rate is much slower than that in control sample. More importantly, charge distribution is completely different from 100k kGy irradiated in air.
In the absence of oxygen, LDPE undergoes predominantly cross-linking under irradiation. The results suggest that the cross-linking by irradiation have minor effect on the charge formation in LDPE but major effect on charge decay.
Irradiation in Nitrogen Figure 10 shows the charge distribution in the sample exposed to 100 kGy in nitrogen gas at a stress of 50 kV/mm. Only negative charges were observed at the end of stressing period. As negative charge peak is adjacent to the cathode, negative charges are believed to be injected from the cathode. Charge decay rate is slow compared to the control sample. The difference in charge distribution among vacuum and nitrogen gas may indicate different chemical changes induced by irradiation. There are marked differences between the space charge characteristics of material irradiated in air in comparison with LDPE irradiated in either vacuum or oxygen-free nitrogen gas. It is evident that the presence of oxygen during irradiation is essential for a significant amount of space charge to form. The amount of positive charge increases with the radiation dose.
The manner in which space charge distributions vary with dose and irradiation environments is clearly a function of the structural changes taking place within the LDPE.
